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The invention of scanning-tunneling microscopy and Cr [8] . Such element-specific features have (STM ) made it feasible to explore in real space been used to study the growth and alloying of Cr the atomic-scale realm of solid surfaces [1] [2] [3] [4] . A on the Fe(001) surface [9] . theoretical treatment of the STM was first preRecently, some authors have investigated the sented by Tersoff and Hamann ( TH ), who conpossibilities of applying STM, as well as other cluded that the tunneling current is proportional scanning probe microscopies, to reveal surface to the local density of states of the surface, at the magnetic properties with a high lateral resolution. position of the tip [5] . Subsequently, Lang [6, 7] This technique is referred to as spin-polarized confirmed the conclusion by the computation of scanning tunneling microscopy (SPSTM ) [10, 11] . the tunneling-current density in the vacuum region
The use of a magnetic tip ferromagnetically or between two planar metal electrodes, with on each antiferromagnetically aligned with respect to the of them an absorbed atom. Experimentally, surface as the source of spin-polarized electrons in Stroscio et al. found sharp specific features near SPSTM is supported by theories [12] [13] [14] and by the Fermi energy in the scanning-tunneling experiments [15] . Therefore, it is worth knowing spectroscopy (STS) of the bcc (001) surface of Fe the influence of a spin-polarized tip on the surface states.
The interaction between the sample and the tip tion directions for the tip were investigated. A system with a larger surface-tip distance (5.74 Å ),
C.M. Fang et al. / Surface Science 436 (1999) L648-L652
4,16-20]. Tsukada et al., using theoretical simulations from first-principles, found that the tunneling current concentrates on the single apex atom of as well as a surface without tip, was calculated for comparison. In all the calculations no structure the tip [18] . For a tip-surface distance of about 4 Å , strong tip-sample interactions exist, which relaxation was taken into account, because the relaxation is very small ( less than 1% in distance) may induce changes in electronic structure accompanied by significant charge rearrangements [3,16- for the iron (001) surface system [22] . Ab initio calculations were performed with the 20]. Bode et al. found experimentally different tunneling curves for a submonolayer of iron on localized spherical wave (LSW ) method [23] using a scalar-relativistic Hamiltonian. We used localthe W(110) surface depending on the use of a tungsten tip or an iron-covered tip [21] . However, spin-density exchange-correlation potentials [24] inside space-filling and, therefore, overlapping until now no ab initio calculations concerning the interaction between a surface and a spin-polarized spheres around the atomic constituents. The selfconsistent calculations were carried out including tip have been reported.
Here we report the results of ab initio calculaall core electrons. Since the magnetic properties are sensitive to the Brillouin zone sampling, a tions for the iron (001) surface under the influence of a spin-polarized tip. Similar to previous work dense mesh of one k-point per 10−6 Å 3 was employed. The Wigner-Seitz radius of iron atoms [6, 7, 18] , we take a configuration where the STMcurrent flows between two parallel electrodes or is the same as the bulk value. Fig. 2 shows the relationship between the magbetween the surface and an adatom absorbed on parallel electrodes. A tip-surface system is comnetic moment of the surface iron and the distance between two parallel electrodes. The behavior of posed of two separate parts: an iron tip and an iron (001) surface. An iron tip is simulated by an the magnetic moment of the surface iron as a function of the inter-electrode distances shows iron adatom on the Fe(001) surface in a supercell a=b=2×a 0 (Fig. 1b) . A series of parallel three ranges. The surface magnetic moment strongly increases with increasing the interelectrode systems (Fig. 1a) is composed of 11 ML of iron along the (001) direction with interelectrode distance when the distance is short (<2.88 Å ). This is due to the strong overlap electrode distances from 2.2 to 14.8 Å . In line with earlier work [16] [17] [18] [19] [20] [21] and in accord with the calcubetween the surface irons, especially between the lated results of the parallel electrodes, a tip-surface distance of 3.5 Å was chosen. Both spin-polariza- 3d states. The surface Fe magnetic moment reaches density of the 3d state~−0.1 eV is regarded as a specific feature for the bcc iron (001) surface, the maximum at about 2.96 m B when the inter-S U R F A C E S C I E N C Eelectrode distance is increased to 2.88 Å (about the which is strongly influenced by the existence of the other parallel electrode. Experiments showed this length of the a-axis of the bcc Fe). In the distance range from about 2.88 to 5.74 Å , the magnetic specific feature at about 0.17 eV above the Fermi level [8] , which we will discuss later in the paper. moment remains almost constant, while the number of electrons increases (from 7.45 electrons Fig. 2 also includes the spin-polarization of the surface iron at the Fermi energy, which is defined for d=2.88 Å to 7.50 electrons for d=5.74 Å ). These results indicate that in the medium distance as p=(n + −n − )/(n + +n − ); here n + represents the density of states at the Fermi level for the majority range the interaction between the two electrodes is not due to the iron 3d-3d states. The calculations electrons, and n − that of the minority electrons. The spin-polarization for the surface iron is all also show that the magnetic moment of the surface Fe converges to 2.91 m B when the inter-electrode negative and reversed to the bulk value (about +35%) [25] . It changes strongly with the interdistance is larger than about 6 Å . The electrode does not have an influence on the Fe (001) surface electrode distance when the distance is shorter than 2.88 Å , and become almost constant from states when the inter-electrode distance is reasonably large (>6 Å ).
the medium distance (3.5 Å ). Now we discuss the iron (001) surface under The densities of states of the surface irons with an inter-electrode distances ranging up from 2.88 Å the spin-polarized tip with the tip-surface distance of 3.5 Å . The magnetic moment of the surface iron are shown in Fig. 3 . The 3d band the surface iron for the majority electrons is almost fully occupied.
in the presence of a tip is about 2.89 m B , slightly reduced compared with the clean iron (001) surThe influence of a parallel electrode on the surface iron is mainly on the 3d band of the minority face (2.91 m B ), which is in contrast to the enhancement by a parallel electrode, as shown in Fig. 2 . electrons: with increasing inter-electrode distance, the unoccupied 3d band become narrower; the The local density of states is very similar to that of the clean surface. However, there are some density of the 3d states at energies~−0.1 eV and about 1.1 eV increases, as shown in Fig. 3 . The differences, of which the most significant one is the position of the specific features around the Fermi level: the position of the surface states, about −0.1 eV for the clean Fe(001) surface (Fig. 3d) , has shifted to about 0.1 eV above the Fermi level under the influence of a spin-polarized tip (Fig. 4) . There is a small shoulder in the energy about −0.1 eV in the local density of states. This small but significant shift explains the difference between the calculated (about −0.1 eV ) and the experimental data (about 0.17 eV above the Fermi level [8, 9] ) for the iron surface states. Fig. 4 also includes the local density of states for the iron (001) surface under the tip with a tip-surface distance of 5.74 Å , there are two peaks at about −0.1 eV and about 0.1 eV.
The spin-polarization of the tip has almost no influence on the local density of states of the surface, as shown in Fig. 4 . This is due to the fact that the interactions between the tip and the sur- well as between the iron 4s,-4p on one side of the Here we give a brief discussion of our calculated In conclusion, we performed ab initio calculations for iron surface-tip systems. The calculations results in relation to the experimental data for the Fe(001) surface. Stroscio and coworkers found show interactions between the tip and the surface. Such interactions induce the change of the position that there is a specific feature of the surface states at an energy of about 0.17 eV [8, 9] . In another of the iron specific states from −0.1 eV to 0.1 eV above the Fermi level. The calculated results STM(S) experiment Biedermann et al. found that the peak of the Fe(001) surface states is at the explain the difference between the band structure calculations and experimental data, as well as energy about 0.3 eV above the Fermi level [26 ] . They also found that the position of the surface confirm the sensitivity of the surface states on the tip geometry. states may change in the energy range from 0.2 to 0.3 eV, depending on the tips [27] . Our calculations show that the clean Fe(001) surface has a peak at about 0.1 eV below the Fermi level. The applica 
